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FINAL TECHNICAL REPORT (AFOSR-FA9550-06-1-0042): Publications related to this contract
(2006-2009) AFOSR support are listed as references [1-73].

Theoretical Developments and Applications : Our current theoretical efforts date from our early
development of potential ﬁmcllons describing the internal electric fields felt by a reference chromophore
from an ble of surr Ik phores [74-78]. This research led to semi-quantitative
understanding of electro-optic acuwly for electrically-poled ch phore/polymer composite materials
and of the dependence of electro-optic activity on chmmophore shape [77 78]. It also provided

justification for the use of the United Atom Approxi m, as pared to ﬁ:lly istic Monte Carlo
calculations [79,80], in carrying out Monte Carlo/Molecular Dynamic calculations. The outcome of these
earlier efforts was the impl ! ufl‘seudwcr{‘ istic Monte Carlo/Molecular Dynamics

(PAMCMD) calculations [36,45,51,58,70-72,75,76,78] that provide the basis of our current statistical
mechanics approach to the quantitative simulation of the physical properties of macroscopic matenials.

The ulti bjective of our th ical effort has been and continues to be the “first principles
quantitative simulation” of the physical properties of organic electroactive materials and simulation of the
performance of devices fabricated from these materials. To relate our statistical mechanical (and finite
element) methods to atomic and molecular properties, we needed to develop a reliable quantum
mechanical approach to the computation of electron dlstnbutl(ms linear and nonli opu'cal T
etc. We started our develop of imp | 1 | methods by a parative eval
of d1ffcrcnl methods (‘;emn-cmplncal Haﬂme-Fock MPn, CC, DFT, TD-DI‘T) and basis sets (Gaussian,

1, pseudo-p 1) [10-12,15,28]. Our putations were freq pared with those of
others mclud.mg Marks and Ratner at Northwestern (particularly as related to novcl chromophore
str s, e.g., X-shaped cl ph and twisted n -electron bridge [10,81] chromophores), to
computations camed cru: by Bredas at Georgia Tech [28], and to computations executed by theorists at
Federal laboratories [28]. While various methods proved effective in predicting trends for the variation of
molecular first hyperpolarizability with chromophore muleculsf structure [28], |1 became increasingly
apparent during cross comparison of various th ical approaches and parison of exp with
theory that quantitative simulation of experi Iy d molecular first hyperpolarizabilities

quired explicit ideration of time-dependent applied and internal electric fields. This point has also

been realized by others, e.g., Marks and Ratner in their computation of molecular first hyperpolarizability
for twisted bridge chromophores [81]. The Real-Time, Time-Dependent Density Functional Theory
(RTTDDFT) method [73,82] appeared to be ideally suited for this task. Incorporation of oscillatory fields
{e.g., fields of optu:al frequencies) to the RTTDDFT Hamiltonian has lead to quantitative prediction of

the frequency depend of various molecular hyperpolarizabilities including those relevant to electro-
optic activity and ] harmonic g ion [36,39,58,69-73]. Mor T, time-d dent tl
ﬁelds &emahv: from PAMCMD cajculancm have been incorporated into RTTDDFT calculations

Ztoq ive prediction of the d i of molecular first hyperpolanizabilities and linear
optical spectra on dielectric permittivity [35.53.69 73]. An example of the success in simulating the
experi | vaniation of chromophore molecular first hyperpolanizability with dielectric permittivity (of
host solvents) is shown in Fig. 1. For simple chromophore es, molecular first hyperpolarizability

is observed to be an approximately linear function of { € - 1)/( £ + 2) (see Fig. 2). Coupled
RTTDDFT/PAMCMBD theory has also led to a quantitative prediction of the vaniation of dielectric
permittivity with temp e (Fig. 3} Fig. 3 silows tlle experimentally observed variation of the
dielectric of a three-ct Irimer material (PSLD_33) through its glass
transiti . Comelated R']TDDFT;"PAMCMD theory provides a quantitative simulation of
this behavior mcludmg pmdlcnon of a saturated value of 27 for the melt state and has led to quantitative
simulation of electro-optic activity [36].

https://livelink.ebs.afrl.af. mil/livelink/llview.exe/FA9550-06-1-0042%20Final%20Report.... 8/15/2016
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In addition to quantitatively understanding the dependence of molecular first hyperpolarizability
on frequency and dielectric permittivity, it is crucial to know if excitonic interactions strongly influence
linear and nonli optical properties at high chr h ber densities. To test the utility of
theoretical c&lculatlons for such cases, we prepared several model systems corresponding to bundles of

F hores tethered together at their ends [5,9] to define their spatial pmx]mll}r and re]auve
ancntahon Theory and experiment for these model systems [5,9] and for m h g
dcnd.nmers [36] confirm that high chromophore number densities can be achleved wm}om deleterious

p phore excitionic effects.

An important test of the utility of correlated R‘ITDDFTFPAM(‘MD calculations was the
simulation of electro-optic activity of multi-ck 2 dendrimers where covalent bond
potentials must be correctly taken into account. The results of such sunu]atlcms are discussed in detail in
reference [36] and the critical summary comparison of theory and experiment is shown in Fig. 4 below:

Figure 4. Comparison of Theory (diamonds with error bars) and Experiment (solid circles) for two multi-
chromophore-containing dendrimers and for the PSLD_33 dendrimer dissolved in amorphous polycarbonate (APC) is

https://livelink.ebs.afrl.af. mil/livelink/llview.exe/FA9550-06-1-0042%20Final%20Report.... 8/15/2016
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"'ﬁ nbnrvnf " electro-optic lfkrnlg
lrumnms - m &‘le principal ﬁemenl o;ﬁc e!ecrrv-opm tensor to Ixte eleclﬁr poling field strength
and is exmnm&taﬂy obtained from a linear least squares fit of the variation of r wnh poling voltage.

A number of important observations derive from the comparison ofcxpcn‘mem and theory including the
fact that the covalent bond potentials operative in the dendrimers prevent chromophores from undergoing
centrosymmetric aggregation and quenching of electro-optic activity. A linear dependence of electro-

optic activity on chromophore number density (loading) 1s predicted and observed, wnmslcnt with
chromophores acting as independent particles. Note that very high ct ph are
achieved without attenuation of electro-optic activity.

The high chromophore loading achieved for multi-chromophore-containing dendrimers suggested
the investigation of doping of chromophore guests into chromophore-containing host materials, e.g., a
new class of materials which we label Binary Chromophore Organic Glasses (BCOGs). Course-grained
PAMCMD theoretical ca]cuianons have suggested that specific spatially-anisotropic guest

phore/host chromophore ions lead to enhanced acentric order and EO activity [51] (see
Fig. 5 below),

Figure 5. The variation of electro-optic activity with chromophore number density is shown for doping the YL124
chromophore (an analog of CLD—see Fig. 8 for structure) mtn the PSLD 41 dendmner (denoted here as PAS41).
Experimental data are given as red circles while the th | si ‘u d d as a red line. Also given are the
experimental data for the PSLD_41 and PSLD-33 multi-ch h g dendrimers (experimental data
denoted as green circles). One particularly favorable -niemlm behnen guest and host chromophores (identified by
PAMOCMD calculations) is shown in the inset in cartoon form |51].

Several very striking observations are noted for Binary Chromophore Organic Glasses (BCOGs). Not
only are high chromophore loadings observed without attenuation of electro-optic activity with increasing
chromophore number density but the acentric order {nnd hcncc electro-optic activity) of both guest and
host are |mpmvod as a result of chromophore-ch i Also, the I line
broadening and bathochromic shifts observed in the lmcar optical spectra of Imdmonn]

t hore/polymer composite materials are predicted and observed to be absence in BCOGs. Theory
and cxpe’nmcﬂt confinmed the existence of a wui!: range uf B(‘OG maxcnais Iaadmg to lmpmved electro-

optic activity and reduced optical loss including It /chr P 2 drimer,
chromopl I 1 ining-polymer, ch phore ining-dendrimer guest/chr hore-
conta.lmng-dendnmerhnsl and chromophore/chromopt ining-dendronized polymermatenals

Our theoretical results suggested a further simple test; namely, studies of the YL 124 chromophore
doped into DR 1-co-PMMA (available from Aldrich Chemical). Acentric order of the DR (azobenzene
bridge) ch phore can be ent d by laser (or optically J-assisted electric field poling employing
polanzed light exciting trans-cis isomerization of DR [83]. This increase in order of the DR1 host
chromophores should translate to an increase in order of the YL 124 guest chromophores and indeed a
factor of 2.5 increase in order of the guest chromophores is observed using plane polarized light [55].

https:/livelink.ebs.afrl.af.mil/livelink/llview.exe/FA9550-06-1-0042%20Final%20Report.... 8/15/2016
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In summary, RTTDDFT/PAMCMD calculations have permitted quantitative “first principles”
simulation of electro-optic activity for a number of complex polymeric, dendritric, and BCOG materials.
Theoretical guidance has led to the preparation of BCOG materials consistently exhibiting electro-optic
values greater than 300 pm/V and optical loss values of less than 2 dB/cm at telecommunication
wavelengths. Moreover, as will be shortly discussed in the Proposed Research Section, this theoretical

approach is useful for predicting further impro
__em&d_nﬂw&mm&m_ﬂ Critical to the development of reliable

guid and definition of critical structure/function relationships is the ability to accurately
linear and nonli optical properties, thermal and photochemical stability, etc. We have
assembled a unique tool set providing the capability for measurement of molecular first
hyperpolarizability by wavelength-agile, fe ond HRS and by EFISH [50,69-72,84-86], electro-optic
activity by modified Teng-Man Ellipsometry and attenuated total reflection (ATR) [50,62,69-72], acentric
order parameters by variable angle polarized absorption spectroscopy (VAPAS) and by atomic resolution

techniques including two phoron ﬂuorescence mlcroscopy [1.21.69-72], and measurement of

photochemical stability at telece m wavelengths by pump-probe methods [4,42,54,60,70,71].
More description of these capabilities is provided in I.he facilities section but we note that in several cases
the only bility for such in the United States resides in our laboratory and in other cases
our capabilities provide an imp compl to capabilities that exist in AFRL and LPS laboratories.
MMMMML@&@M We have pioneered
microwave: as applied to the pro ion of organic electroactive materials and have

been a leader in developmg new Iamce hardening chemistries, particularly Diels-Alder/Retro-Diels-Alder
cycloaddition reactions, which have yielded organic electro-optic materials with glass transition
temperatures exceeding 200 © C [34,38,47,70,71,87,88]. Our laboratory has pioneered the fabrication of
complex device structures, such as coupled multi-ring microresonators by soft and nanoimprint
lithography [70,71,89] and we have been actively involved in the fabrication of conformal and flexible
devices by lift-off techniques [17,26,70,71]. Recently, we have introduced laser-assisted electric field
poling [55] as a means of improving electro-optic activity while maintaining low optical loss and even
more recently we have demonstrated that nanoscopic metal oxide surface coatings and surface
functionalization with an oriented chromophore monolayer can lead to improved optical nonlinearity
[70,71] (see Fig. 6). Our observations have recently been repeated and verified by Paul Ashley at US
Army RDECOM, Redstone Arsenal, AL and Warren Herman at the Laboratory for Physical Sciences
(LPS), College Park, MD [90,91]. We have also pioneered the incorporation of organic nonlinear optical
materials into silicon photonic waveguide and nano-slot guide device str es
[3.16,37,53,59,70,71]. This integration has included utilization of doped silicon as poling and drive
electrodes. The integration of organic NLO materials with silicon photonic structures has been extended
1o the demonstration of Reconfigurable Optical Add/Drop Multiplexer (ROADM) devices (for chipscale
information routing) carried out in collaboration with Boeing [59]. Examples of device structures and
performance are shown in Fig. 7. A signifi a plish of our tt ical simulations of device
performance is the prediction of concentration of light in nanoscopic slots etched into silicon photonic

waveguides. These slots permit nearly lossless transition of light from high index of refraction silicon
into lower index of refraction organic nonlinear optical materials for active control of light,

BiREE B B o

e i

HE

L ,
& a ;
B

Figure 6. The behavior of poling current in the presence and al ofa ic titanium dioxide bufTer layer is
shown (upper left). The presence of the TiQ _ buffer resulted in a 30% increase in poling-induced electro-optic activity
(upper right). In a BCOG material (not showi]. the EQ activity increases from 280 pm/V to 350 pm/V,

https://livelink.ebs.afrl.af.mil/livelink/llview.exe/FA9550-06-1-0042%20Final%20Report.... 8/15/2016
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Figure 7. Micrographs of slotted silicon ph guide ring micror devices are shown. The theoretically
computed optical mode profile is shown (center) and electro-optic modulation is shown (right). Such device structures
permit significant concentration (amplification) of optical and electric fields. A ROADM is shown in the lower center.

Photostability Studies : In a collaborative study with Professor Peter Gunter of the ETH, Zurich, we have
analyzed the photochemical kinetics (employing optical pump powers in the range 400mW-1W for
accelerated testing) of dozens of organic electro-optic materials. Improved analysis and measurement
protocols have been developed [42]. Singlet oxygen chemistry is the found to define the dominant
photodegradation mechanisms and packaging of hardened materials has yielded photostability figure-of-
merit \-'alm:s (B.-' o or the number of absorbed photons required to produce a damage event) as large as
5000 x 10 ¥ m ~ (which would yield more than 100 years oFcpmmcn for normal telecommunication
power levels). Our stud:es have been particularly useful in deme 2 the d d of

bility on chr we structure. Here we have space to |I]uslmic only onc example (Fig. 8) but
pholoslabnlny can be typlcally varied by up to two orders of magnitude with simple variation of
chromophore structure. Note that chromophores in dendrimers are usually more stable than the same
chromophore in polymer composites consistent with reduced oxygen accessability in the dendrimer
material lattice. The results shown in Fig. 8 are for oxygen saturated samples (worst case scenario).
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Figure 8. The v:mhon of photostability with structure is shown for rﬂ)ruﬂnnnw chromophore/polymer composite,
multi-ch P ining dendrimer, and binary chromophore organic glass materials,

Lattice hardeming (crosslinking) and use of singlet oxygen quenchers lead to further multiple order
of magnitude improv of p bility. As with hers at Coming [26], we observe up to 4-5

orders of magnitude variation in photostability for the same parent chromophore 7 -electron structure as a
function of derivativation of that core structure, lattice hardening, use of quenchers, and packaging to

https://livelink.ebs.afrl.af.mil/livelink/llview.exe/FA9550-06-1-0042%20Final%20Report.... 8/15/2016
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exclude oxygen. While photostability issues are not as serious for organic electro-optic materials as for
organic light emitting device and photovoltaic materials (because the operational light is off resonance
and current flow is mini; in EO applications), packaging will still likely be required to achieve 10

year operational lifetimes, particularly if optical power levels d typical tel ication powers,

In y, we have established the world’s leading facility for the characterization and analysis

of the photostability ofm'gamc electro-optic matenals, in both thin films and devices, for a wide range of
1 optical wavelengths including both ication bands [42,70,71,86]. We have carried

out definition of mechani of photodegradation for a wide range of materials including
chromophore/polymer composites; chromophore-containing dendrimers, polymers, and dendronized
polymers; and for binary cf wphore organic gl We have also investigated a wide range of
processing conditions including examining the effects of lattice hardening, the addition of singlet oxygen
quenchers, material packaging, etc. We have all the necessary facilities and expertise to carry out
pl bility and impro ts to meet ics proposed in the following sections of this
proposal,
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Conference —August 8-10, 2007 —IEEE Conference on RF Photonics, San Francisco, CA—Invited Presentation:
“Extracrdinary Electro-optic Materials for RF Photonics”

Conference —August 28-31, 2007 —International Conference on Molecular Photonics, Friday Harbor,
WA—Invited Presentation: “An Overview of the Critical Parameters Leading to Acentric Order of ONLO
Chromophores”

Conference —September 24-26, 2007 —NSF Workshop on Excellence Empowered by a Diverse Academic
Workforce, Arlington, VA—Invited Presentation: “Best Practice Diversity Plans”

Lecture —October 1, 2007 —Physics Department Colloguium, University of Washington, Seattle, WA—Invited
Presentation: “Understanding i lecular (and int
matter: Effects on order and nonlinear optical properties”

) electrostatic interactions in condensed
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Conference —October 3-5, 2007 —2007 |EEE International Topical Meeting on Microwave Photonics, Victoria, BC,
Canada—Invited Keynote Talk: “Advances in organic materials for optical modulation”

Lecture —October 24, 2007 —Frontiers in Science Lecture, University of Utah, Salt Lake City, UT—Endowed
Lectureship: “Nano-engineering a Technology Revolution (in Information Technology)”

Lecture —October 25, 2007 —Department of Chemistry Colloquium, University of Utah, Salt Lake City,
UT—Invited Presentation: “The Key to Nanotechnology: Understanding Intermolecular Interactions”

Lecture —November 2-3, 2007 --NSF Mathematical & Physical Sciences Directorate Advisory Committee Meeting,
Arlington, VA—Invited Lecture: "My Personal Perspective on Broadening Participation in Science and
Engineering”

Conference —December 3-7,2007 —10 " Pacific Polymer Conference (PPC 10), Kobe, Japan—Invited Keynote
Presentation: “Theoretically-inspired nano-engineering of photonic and electronic polymers for exceptional

performance”

Lecture —April 2, 2008 b ics for Breakfast Series sp ed by the Seattle Technology Alliance,
Rainer Club, Seattle, WA—Invited P ion: “Nanopt ics in tel ications”

Conference —May 4-7, 2008 —POLYCOM 2008, Galveston, TX—Invited Pr ion: “Theory-Inspired

Supermolecular Engineering of Extraordinary Organic Electro-Optic Materials and Integration with Silicon
Photonics”

th
Conference —May 18-23, 2008 —10  International Conference on Organic Nonlinear Optics (ICONO 10) and
International Conference on Organic Photonics and Electronics 2008 (ICOPE2008), Santa Fe, NM—"Invited

e,

Pr ic O 1 of Organic Electro-Optic Materials and Integration into Silicon Photonics”

d
Conference —June 16-19, 2008 —2 " International Conference on Functional Materials and Devices 2008 (ICFMD
2008), Kuala Lumpur, Malaysia—Invited Keynote Pr ion: "Theory-Inspired Develof of New Nonli

Optical Materials and Their Integration into Silicon Photonic Circuits and Devices”

Conference —August 13, 2008 —5SPIE Optics & Photonics, San Diego, CA—Invited Presentation: “Organic Electro-
Optics: Past, Present, and Future”

Conference —August 20, 2008 —Organic Thin Films for Pt ics Applications—A i Chemical Society
National Meeting, Philadelphia, PA—Invited Tutorial: “Understanding Structure/Function Relationships Critical to

the Optimization of Electro-Optic Activity”

Lecture —August 27, 2008 —Department of Chemistry Colloquium, Uni ity of Florida, Gai ille, FL—Invited
Presentation: “First Principles Nano-Engi ing of E jinary Organic Electroactive Materials”

Conference —September 15-18, 2008 —SPIE Europe Security + Defence/SPIE Europe Remote Sensing Conference,
Cardiff, Wales, UK—Invited Keynote Presentation: “New Organic Nonlinear Optical Materials and Their
Integration into Silicon Nanophotonic Circuits and Devices”

Conference —December 7-10, 2008 —MACROMEX, Los Cabos, Mexico—Invited Presentation: “Organic
i lecular Optoelectronics”

h
Conference —December 15-18, 2008 —8 " Inter | Confi on Nano-Melecular Electronics, Kobe,
lapan—invited Keynote Presentation: “Theory-Inspired Development of Organic Electro-Optic Materials”

Conference —December 19-20, 2008 --Conference on Organic & Polymer Materials for Ubiquitous ICT, Kyushu,
Japan—Invited Keynote Presentation: “Organic Nonlinear Optical Materials, Silicon Photonics, and Plasmonics”

Conference — April 20-23, 2009 -Ohio Innovation Summit, Dayton, OH—Invited Keynote Lecture: “Is Technology
Innevation Necessary for Economic Recovery and Long-Term Economic Vitiality?”

Interactions/Tran ns:
Transition 1

a. Dalton, UW, b. Data for organic electro-optic materials, c. William Krug/Boeing Phantom Works., 253-
657-8018 d. For a development of ar h program for handling both digital and analog data
exploiting WDM techniques and explicitly wavelength selective filter and beam steering concepts. 1x4x1
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ROADM device delivered to NAVAIR (2006)—esults published in JEEE Joumal of Lightwave
Technology .

Transition 2

a. Dalton, UW, b. Data relating to polymeric electro-optic materials and processing protocols, ¢. Susan

Ermer/Lockheed Martin Corporation, 650-424-3131 d. For prototyping high frequency, low drive voltage
modulators.

Transition 3

a. Dalton, UW, b. Polymeric electro-optic materials and processing protocols, c. Abraham
Gross/Microvision, 425-415-6642 d. For prototyping electro-optic modulator devices for
telece ication and display applications.

Transition 4

a. Dalton, UW, b. Polymeric electro-optic materials and processing protocols, c. Tom Mino/Lumera
Corporalion, 425-415-6616 d. For electro-optic device fabrication and consideration for blishing an
electro-optic materials production facility.

Transition 5

a. Daiton, UW, b. Polymeric electro-optic materials and processing protocols, c. Ray Chen/UT-Austin
Microelectronics Center and Radiant Photonics, 512-338-4942 d. For electro-optic device fabrication
and evaluation.

Transition &

a. Dalton, UW, b. Polymeric electro-optic materials and processing protocols, c. James G.
Grote/AFRL/MLPO, 937-255-4474 ext 3263 d. For use with conducting cladding materials developed by
AFRL.

Transition 7

a. Dalton, UW, b. Polymeric electro-optic materials and processing protocols, c. James Bechtel/TACAN
Corporation, 760-438-1010 ext 3278 d. Polymeric electro-optic materials for device fabrication.

Transition 8

a. Dalton, UW, b. Polymeric electro-optic materials and processing protocols, c. G. A. Lindsey/
NAWCWD, 760-938-1396 d. Polymeric electro-optic materials for optical gyro development.

Transition 9

a. Dalton, UW, b. Polymeric electro-optic materials and processing protocols, c. Paul Ashley/Army
Missile Command, Redstone Arsenal, 205-876-7484 d. Polymeric electro-optic materials for gyro
development.

Transition 10

a.Dalton, UW, b. Pressure sensitive paints, c. Rush Queen/Boeing, 206-855-7761;Tim Rieger/Boeing,
206-655-7769; Doug McLean/Boeing, 206-234-11086; John Harris/Boeing, 206-655-7794 d. Pressure
sensitive paints for wind tunnel evaluation of airframes.

Transition 11

a. Dalton, UW, b. Light emitting materials and devices, c. Christopher Somogyi, 425-503-3658 d. light
emitting devices for display applications.

New discoveries, inventions, or patent disclosures:

Significant improvements have been made in organic electro-optic and sensor materials and a new
paradigm for developing materials with further improvement in properties has been validated. Integration
of organic optoelectronic materials with silicon photonics has been demonstrated. Two patents have
been reported.

Honors/Awards: (Lifetime)
»Elected Fellow (Inaugural Class), American Chemical Society (2003)

=Dalton Festschrift Issue of the Journal of Physical Chemistry, American Chemical Society (2008)
htip:/ipubs.acs.ol cck/112/21

jed Lifetime Achi Award by SPIE (2008)

jed Lifetime M bership in SPIE (sponsored by SPIE and AFRL) (2008)
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+Elected Fellow, Optical Society of America (2008)
*Elected Fellow, SPIE-International Society of Optics and Photonics (2008)

sUniversity of Utah, College of Science, Frontiers of Science Lectures, Davern/Gardner Laureateship (2007)
*|EEE/LEDS William Streifer Scientific Achievement Award (2006)

sElected Fellow, American Association for the Advancement of Science (20086)

*QEM (Quality Education for Minarities)/MSE (Mathematics, Science, and Engineering) Network 2005 Giants in
Science Award

*Elected Senior Member, IEEE (2005)

*Dow/Karabatsos Lecture Series and the Alumni Distinguished Lectureship, Michigan State University, 2005
*AFRL Materials, Manufacturing & Enabling Technologies Lecture Series, Dayton, 2004

#2003 Chemistry of Materials Award of the American Chemical Society

+2003 Eastman Lecturer, University of Akron

#2002 Inaugural Lecturer of the National Science Foundation Distinguished Lecture Series

#Distinguished Alumni Award of Michigan State University (2000)

#1996 Richard C. Tolman Medal of the American Chemical Society, Southern California Section

*Paul C. Cross Lectureship, University of Washington, Seattle, WA (1996)

*NASA Lecturer, Fifty-Fourth Frontiers in Chemistry Lecture Series (1995), Case Western Reserve University

*The 1930 University of Southern California Associates Award for Creativity in Research and Scholarship

#1986 Burlington Northern Foundation Faculty Achi nent Award

=NIH R h Career Devel Awards (Two Awards, one at Stony Brook, one at Vanderbilt, 76-81)
=Camille and Henry Dreyfus Teacher-Scholar Award (75-77)

#Alfred P. Sloan Fellowship (74-77)

A Received b dents Working on This Project:

=Stephanie Benight, SPIE-International Society for Optics and Photonics Educational Scholarship; Invited
Participant at the 2009 Meeting of Nobel Laureates in Landau, Germany

=Anna Pyayt, SPIE-International Society for Optics and Photonics Educational Scholarship
(2003,2004,2005,2006), Microsoft Research Fellowship (2007,2008), Society of Wonen's Engineers’ Outstanding
Female Award (2007), Department of Electrical Engineering Chair's Award (2006), Nanotechnology UIF Graduate
Research Award (2004-2005)

=Philip Sullivan, Intelligence Community Fellowship (2009)
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